Cochlear implantation leads to many structural changes within the cochlea which can impair 38 residual hearing. In patients with preserved low-frequency hearing, a delayed hearing loss 39 can occur weeks-to-years post-implantation. We explore whether stiffening of the basilar 40 membrane (BM) may be a contributory factor in an animal model. Our objective is to map 41 changes in morphology and Young's modulus of basal and apical areas of the BM after 42 cochlear implantation, using quantitative nanomechanical atomic force microscopy (QNM-43 AFM) after cochlear implant surgery. Cochlear implantation was undertaken in the guinea 44 pig, and the BM was harvested at four time-points: 1 day, 14 days, 28 days and 84 days 45 post-implantation for QNM-AFM analysis. Auditory brainstem response thresholds were 46 determined prior to implantation and termination. BM tissue showed altered morphology 47
with electro-acoustic stimulation (EAS) models of implants. In an attempt to preserve this 67 hearing, current surgery has focused upon "soft-surgical" techniques (Lehnhardt, 1993) , 68 implant design (Gantz et al., 2005; Briggs et al., 2013) and intraoperative monitoring 69 (Campbell et al., 2016) . 70 71 Delayed hearing loss in EAS recipients refers to the hearing loss which can develop some 72 months after implant insertion, as reported by recipients and confirmed on audiometric 73 testing. This typically occurs weeks-to-months, and in some cases years, post-implantation 74 (Gstoettner et al., 2006) . Choi and Oghalai (2005) proposed that one mechanism by which 75 delayed hearing loss might occur was damping of scala tympani by fibrosis, or 76 immobilization of the BM by fibrosis and/or direct contact with the CI. Here, we explore an 77 alternative hypothesis, namely that delayed hearing loss results from variations in cochlear 78 mechanics caused by progressive changes to the Young's modulus of the BM over time. The 79 latter could arise as a late consequence of cochlear inflammation and subsequent micro-80 calcification. BM stiffness and/or Young's modulus has been measured previously in the 81 guinea pig (Gummer et al., 1981; Miller, 1985) and other species including humans (von 82 Békésy, 1960; Olson and Mountain, 1991; Olson and Mountain, 1994; Naidu and Mountain, 83 1998; Emadi et al., 2004; Emadi and Richter, 2008; Teudt and Richter, 2014) . However, none 84 so far have looked specifically at the impact of cochlear implantation on BM stiffening. 85 86 Here, we looked specifically for changes in the Young's modulus of guinea-pig BM tissue at 87 multiple time points following cochlear implantation surgery using quantitative 88 nanomechanical atomic force microscopy (QNM-AFM). QNM-AFM allows simultaneous 89 mapping of the Young's moduli and topography of biological materials in fully hydrated 90 conditions with nanometer resolution (Gilbert et al., 2017) , accounting for the significant 91 heterogeneity seen in biological tissue. Traditional methods of quantifying mechanical 92 properties of materials by AFM [e.g., by analyzing individual force vs distance curves 93 (Kuznetsova et al., 2007) ] lack the ability to map with nanometer spatial resolution and, 94 thus, are unable to correlate changes in material properties with sub-micron variations in 95 topography. This limitation has prevented correlative studies which investigate relationships 96 between changing mechanical and morphological properties in biological tissues. Here, for 97 the first time, we perform nanoscale correlative mapping of the BM, allowing us to monitor 98 progressive nanoscale changes in BM topography and Young's modulus as a result of 99 cochlear implantation. These changes in biophysical properties were further investigated 100 audiometrically. 101
102
We show that the apical BM region -far away from the implant -becomes progressively 103 stiffer with time after implantation. QNM-AFM suggest this stiffening is likely due to 104 collagen deposition on the tympanic surface of the BM. 105 106 6 107 2. Materials and methods 108
Animals and experimental design 109
All experimental procedures were in accordance with the Bionics Institute's Animal 110
Research Ethics Committee (ethics approvals 16/354AU and 16/360AU). Fifty pigmented 111
Dunkin-Hartley guinea pigs were used in this study, from which data are presented for 38 112 animals (weight range 437-974 g); the remainder were used for either preliminary 113 experiments or were accidentally damaged during AFM sample preparation (see Table 1 ). 114
Animals were aged 8-20 weeks at the time of cochlear implantation. Experimental animals 115 were divided into four groups of ten, with designated survival endpoints of 1, 14, 28, and 84 116 days. All animals allocated to these experimental groups underwent baseline auditory 117 brainstem response (ABR) testing prior to bilateral cochlear implantation via cochleostomy, 118 followed by repeat ABR recordings at their designated survival end-point. Five animals were 119 designated as controls, and these had no surgical intervention. All cochleae were removed 120 and underwent BM dissection for AFM. All surgery was performed by one surgeon (JC) and 121 the researchers were blinded for AFM analysis. 122 123
Auditory brainstem response recordings 124
Anaesthesia for ABR recordings and surgery was inducted with intramuscular ketamine (60 125 mg/kg) and xylazine (4 mg/kg). Animals were maintained in an areflexic state throughout all 126 procedures, as determined by lack of both pedal and corneal reflexes. Our ABR recording 127 system has been previously described (James et al., 2008) . Computer-generated acoustic 128 stimuli (100 µs clicks and tone pips of duration 5 ms, with 1 ms rise/fall times and stimulus 129 frequencies of 2, 8, 16, 24 and 32 kHz) were delivered to each ear via a loudspeaker (Richard 130 Allen DT-20, UK) placed 10 cm away from the pinna. Ear mould compound (Otoform, Dreve, 131
Germany) was used to occlude the contralateral ear. Subcutaneous needle electrodes were 132 placed at the vertex and ipsilateral nape of the animal with a ground electrode placed 133 subcutaneously in the flank. Responses were amplified by a factor of 100,000 (DAM-5A, WPI 134
Inc., USA) and band-pass filtered (Krohn-Hite 3750, Avon, USA) between 150 Hz and 3 kHz (6 135 dB/octave). The filter output was fed to a 16-bit analogue-to-digital converter (Tucker Davis 136 Technologies, USA) and sampled at 20 kHz for a period of 10 ms following stimulus onset. 137
Thirty stimuli were presented per second. Responses were averaged over 250 stimulus 138 repetitions. Stimulus intensity was decremented in 5 dB steps from high to sub-threshold 139 stimulus levels. Waveforms were exported to a software analysis program (written by Dr. AFM is shown in Fig. 1 . In QNM-AFM, similarly to tapping mode, an oscillating AFM tip is 192 rastered across the substrate, and a topographic image is generated by monitoring the 193 lateral displacement of the cantilever for every pixel of the generated image. In addition, for 194 each pixel the force exerted on the tip by the substrate is measured throughout the 195 oscillation of the tip (Fig. 1, bottom) , generating a force vs distance curve for each pixel ( Fig.  196 1, top). The Young's modulus at each pixel was then calculated by numerically fitting this 197 force vs distance curve in its deformative (Def.) region using the Derjaguin-Muller-Toporov 198 (DMT) mechanical model for elastic contact (Fig. 1, red produce these nanomechanical maps, all imaging was performed in peak-force tapping 201 mode where the cantilever was oscillated at a frequency of 0.5 kHz, chosen to be much 202 lower than its resonant frequency. 203 204 Before imaging, each cantilever was calibrated to accurately determine the deflection 205 sensitivity, spring constant, and the tip radius. Deflection sensitivity was calculated from a 206 force-distance curve generated by indenting the tip into a hard, fused silica surface. The 207 spring constant was determined in both air and PBS using the thermal tune procedure 208 included in the NanoScope Control software (V1.4, Bruker). Briefly, a thermal noise 209 spectrum is generated by monitoring small thermal oscillations of the cantilever over a 210 range of frequencies. This thermal noise spectrum can then be used to numerically calculate 211 the resonant frequency and the spring constant of the cantilever (Lübbe et al., 2013) . The 212 tip radius was calculated by analysis of a 1.5 μm scan of the roughened titanium control 213 sample (Bruker, RS-12M) using the tip analysis tool in the NanoScope Analysis software 214 (V1.7, Bruker). To further refine the calibration, 3x3 μm 2 scans of a polydimethylsiloxane 215 film of known Young's modulus (nominally 2.5 MPa; Bruker PDMS-SOFT-1-12M) were 216 imaged and the calculated tip radius adjusted so the measured Young's modulus matched 217 the nominal stiffness of the calibration sample. Using this estimation procedure, the 218 effective tip radius was calculated to be typically around 30 nm. When scanning, the 219 deformation channel was monitored carefully to ensure that the maximum indentation into 220 the BM did not exceed 10 nm, thus minimizing any substrate influence on the calculated 221 Young's modulus (Chung et al., 2014) . Nanoscale deviations from planarity in the prepared 222 substrates were subtracted from the topographical maps using the 1st order Flatten tool in 223 the NanoScope Analysis software; no further processing was performed. (Note: DMT 224 modulus quantification was chosen as it routinely provided less noisy, more repeatable data 225 than Sneddon modulus quantification, ostensibly because the maximum indentation depth 226 was chosen to be no more than about the tip radius.) 227 228 Between three and six points within the pars pectinata of the BM were measured in each 229 tissue sample; fewer measurements were achievable when tissue was lifted from the glass 230 plate by the AFM tip and, therefore, was no longer suitable for repeated measurements. All 
Hearing thresholds before and after implantation 245
The pre-implant ABR thresholds are presented in Fig. 2a , revealing thresholds within 246 anticipated levels for normal hearing guinea pigs. These data were analysed by a mixed 247 model ANOVA. Although these thresholds differed across stimulus frequency (F (4,136) = 59.0, 248 p < 0.01), they did not by study group (each of which survived a different period of time 249 after implantation, F (3, 34) = 1.28, p = 0.30). There was an association between frequency and 250 study group, as evidenced by an interaction between these factors in the linear model 251 (F (12,132) = 2.18, p = 0.02), but simple effects testing (with ANOVA) by frequency did not 252 reveal an explanation for this association. 253 254 ABR threshold shifts revealed that hearing deteriorated across stimulus frequency 255 immediately after implantation (Fig. 2b) . When subjected to a mixed-model ANOVA, 256 threshold shifts were found to differ across frequency (F (4,136) = 22.0, p < 0.01), and there 257 was an interaction between frequency and the study group (i.e. days' survival; F (12,132) = 258 2.81, p = 0.002). Post-hoc testing showed that this association could be accounted for by a 259 significantly greater 8 kHz threshold shift at 28 days than at day 1 (Tukey's honestly 260 significant difference test, p = 0.009), with other frequencies following this trend. Threshold 261 at 2 kHz (the most distant frequency from the site of implantation) was the least affected by 262 cochlear implantation, with threshold shifts one day after surgery demonstrating a mean 263 threshold loss of 7 dB, which rose progressively to peak by 84 days at 14 dB. These 264 threshold shifts did not differ significantly over survival time (F (3,34) = 0.8, p = 0.50). 265 266 3.2 Basilar-membrane stiffness using QNM-AFM 267
Topography and stiffening of basilar membrane from the basal cochlea 268
The BM at the base of the cochlea became progressively stiffer after implantation, rising 269 from a cohort median Young's modulus of 94 kPa (IQR = 53) one day after implantation to 270 146 kPa (IQR = 123) at 84 days (Fig. 3) . Control animals had a median Young's modulus of 65 271 kPa. The difference in Young's moduli across time was not statistically significant (Kruskal 272 Wallis, Chi square = 5.734, p = 0.220, df = 4). 273
274
The stiffness outcomes were accompanied by a subtle change in the observed topography 275 of the basal BM ( Fig. 4) . At 24 days ( Fig. 4e ) and 84 days (Fig. 4g) , punctate, particulate 276 features on the BM were observed (example features highlighted by red arrows in Fig. 4e &  277 4g), which are not present at earlier time points. These punctate spots were approximately 278 100 nm in diameter and possessed higher Young's modulus (approximately 2 MPa) ( Fig. 4f &  279 4h) than the median BM in this cohort (146 kPa) ( Fig. 4b & 4d ). Representative The topography of these very stiff regions looked markedly different to the topography of 295 the rest of the tissue analysed. Two dominant topographical features were observed. The 296 first common feature, despite its much increased stiffness ( Fig. 5e & 5f) , had a topography 297 ( Fig. 5d ) similar to the nanoparticulate features seen in Fig. 4g . Figure 5d -f showed an 298 evenly distributed layer of very stiff nanoparticles with diameters around 100 nm ( Fig. 5d-f 
Topography and stiffening of basilar membrane from the apical cochlea 306
The apex of the cochlea showed progressive stiffening of the BM after implantation, with 307 the 84 day cohort peaking at 259 kPa (IQR = 201), having risen from 60 kPa (IQR = 36) one 308 day after implantation (Fig. 7) . Non-implanted control animals had a median Young's 309 modulus of 55 kPa. The difference across groups including the controls was statistically 310 significant (Kruskal Wallis: Chi square = 18.001, df = 4, p = 0.001). Post-hoc analysis (Dunn's 311 test with Bonferroni correction) showed a significant difference between the control and 28 312 day cohorts (p = 0.003), 1 day and 84 day cohorts (p = 0.003), and the 1 day and 28 day 313 cohorts (p = 0.001). 314 315 Topographic imaging by QNM-AFM, revealed no apical regions that exceeded the maximum 316 modulus measurable by the AFM tips used (10 MPa); however, there was a progressive 317 change in the structural organization of the tissue resulting in the development of bundles 318 of fibrillar structures over time (Fig. 8) . 319 320 Quantification based on analysis of line sections drawn through the bundles of fibrils at 84 321 days ( Fig. 9 ) revealed them to be distinctly stiffer than the median modulus of the BM at the 322 same time point. The mean Young's modulus of these fibrils at 84 days was 629 ± 15 kPa, 323 more than twice the median from this cohort (259 kPa). 324 
Hearing loss in guinea pigs 431
As has been seen in many other experimental models of cochlear implantation, ABR 432 thresholds did not recover to pre-operative levels following cochlear implantation. The 433 extent of permanent hearing loss varies between studies, and in both humans (Gantz et al., 434 2005) 
